Plant cell growth requires the coordinated expansion of the protoplast and the cell wall that 19 confers mechanical stability to the cell. An elaborate system of cell wall integrity sensors 20 monitors cell wall structures and conveys information on cell wall composition and growth 21 factors to the cell. LRR-extensins (LRXs) are cell wall-attached extracellular regulators of cell 22 wall formation and high-affinity binding sites for RALF (rapid alkalinization factor) peptide 23 hormones that trigger diverse physiological processes related to cell growth. RALF peptides 24 are also perceived by receptors at the plasma membrane and LRX4 of Arabidopsis thaliana 25 has been shown to also interact with one of these receptors, FERONIA (FER). Here, we 26 demonstrate that several LRXs, including the main LRX protein of root hairs, LRX1, interact 27 with FER and RALF1 to coordinate growth processes. Membrane association of LRXs 28 correlate with binding to FER, indicating that LRXs represent a physical link between intra-and 29 extracellular compartments via interaction with membrane-localized proteins. Finally, despite 30 evolutionary diversification of the LRR domains of various LRX proteins, many of them are 31 functionally still overlapping, indicative of LRX proteins being central players in regulatory 32 processes that are conserved in very different cell types. 33 34 Author Summary 35 Cell growth in plants requires the coordinated enlargement of the cell and the surrounding cell 36 wall, which is ascertained by an elaborate system of cell wall integrity sensors, proteins 37 involved in the exchange of information between the cell and the cell wall. In Arabidopsis 38 thaliana, LRR-extensins (LRXs) are localized in the cell wall and are binding RALF peptides, 39 hormones that regulate cell growth-related processes. LRX4 also binds the plasma membrane-40 localized receptor kinase FERONIA (FER), establishing a link between the cell and the cell 41 wall. It is not clear, however, whether the different LRXs of Arabidopsis have similar functions 42 and how they interact with their binding partners. Here, we demonstrate that interaction with 43 FER and RALFs requires the LRR domain of LRXs and several but not all LRXs can bind these 44 3 proteins. This explains the observation that mutations in several of the LRXs induce 45 phenotypes comparable to a fer mutant, establishing that LRX-FER interaction is important for 46 proper cell growth. Some LRXs, however, appear to influence cell growth processes in different 47 ways, which remain to be identified. 48 49 50 51
, all proteins were present in the total fraction. While LRX4 ΔE -133 HA and LRX4 ΔNTΔE -HA were also detected in the membrane fraction, LRX4 ΔLRRΔE -HA was 134 not. Successful isolation of membrane fractions was confirmed by detection of the membrane-135 marker protein LHC1a [43] . This demonstrates that the membrane association of LRX4 136 depends on the presence of its LRR domain. Next, the constructs LRX4 ΔNTΔE -HA and 137 LRX4 ΔLRRΔE -HA were expressed under the 35S CaMV promoter (subsequently referred to 138 as 35S) in N. benthamiana for co-immunoprecipitation (Co-IP) experiments with the 139 extracellular domain (ECD) of FER fused to citrine (FER ECD -citrine) or FLAG (FER ECD -140 FLAG). Co-IP analysis revealed that the FER ECD was co-purified when expressed with 141 LRX4 ΔNTΔE -HA ( Figure 2B ) but not with LRX4 ΔLRRΔE -HA ( Figure 2C ). These analyses reveal 142 a positive correlation between LRX4 ΔE binding to FER and its association with the plasma 143 membrane. 144 145
Several LRXs of vegetative tissue interact with FER 146
The root hair-expressed LRX1 is so far the best characterized LRX protein and the lrx1 root 147 hair mutant represents a convenient genetic system for analyses of LRX protein function 148 [32, 33, 44, 45] . Since FER was reported to maintain cell wall integrity in growing root hairs 149 [23, 26] , it was interesting to test whether LRX1 also interacts with FER. To this end, constructs 150 encoding LRX1 ΔE -HA and FER ECD -citrine under the 35S promoter were expressed in tobacco 151 for Co-IP experiments. LRX1 ΔE shows interaction with FER ECD (Figure 2D ). Interaction of 152 LRX1 with FER ECD was also confirmed in a yeast-two-hybrid experiment (Suppl. Figure S1 ). 153
The yeast-two-hybrid experiments were extended to other LRXs of vegetative tissues, namely 154 7 LRX2, LRX3, LRX4, and LRX5. While LRX2, LRX4, and LRX5 showed interaction with 155 FER ECD , LRX3 failed to interact (Suppl. Figure S1 ). However, the BD-LRX3 did not 156 accumulate to detectable levels in yeast extracts (data not shown). Hence, a conclusion on 157 LRX3-FER ECD interaction cannot be drawn. Therefore, Co-IP experiments were conducted 158 with LRX3 ΔE and FER ECD , but failed to show interaction of these two proteins, as found by 159 others [38] . 160
161
The lrx12345 quintuple mutant mimics the fer-4 mutant phenotype 162
The results obtained above suggest that the five LRX proteins expressed in vegetative tissue 163 that have been analyzed so far could exert overlapping functions. Since a double mutant for 164 the root hair-expressed LRX1 and LRX2 [36] displays a root hair phenotype comparable to the 165 knock-out mutant fer-4 (Duan et al., 2008) , and the lrx345 triple mutant develops a shoot 166 phenotype that is reminiscent of fer-4 [38,42], we anticipated that an lrx12345 quintuple mutant 167 would be globally similar to fer-4. The lrx1 lrx2 mutant was crossed with the lrx345 triple mutant 168 and an lrx12345 quintuple mutant was identified in the segregating F2 population of this cross 169 based on a root hair-less root and retarded shoot growth with an increase in anthocyanin 170 content ( Figure 3A) . Indeed, the lrx12345 quintuple mutant shows fer-4 like phenotypes in the 171 root and shoot at the seedling stage and, at the adult stage, smaller and broader rosette leaves 172 with increased accumulation of anthocyanin compared to the wild type ( Figure 3A ). fer-4 173 seedlings grown in vertical orientation display reduced gravitropic growth of the root [46]. This 174 growth defect was assessed in the wild type, fer-4, and different lrx mutant combinations by 175 assessing the vertical growth index [47] . For quantification, the ratio between the absolute root 176 length and the progression of the root along the gravity vector, the arccos of α, was used as 177 illustrated in Figure 3B . Accumulating lrx mutations cause an agravitropic response 178 comparable to fer-4 ( Figure 3C ). Thus, the genetic analysis of higher-order lrx mutants and fer-179 4 support the finding that most of the LRXs are active in the signaling pathway of FER and are 180 able to interact with FER. In a complementary approach, we tested whether the NT-domain is required for the function 201 of the full-length LRX1. To this end, the lrx1 and lrx1 lrx2 mutants developing intermediate and 202 strong root hair defects, respectively [36] , were transformed with the constructs LRX1:LRX1 203 and LRX1:LRX1 ΔNT . Unlike the full-length LRX1 which complements the lrx1 mutant 204 (Baumberger et al, 2001 , Ringli 2010 ) and the lrx1 lrx2 mutant (Suppl. Figure S2 ), LRX1 ΔNT 205 failed to induce wild-type root hairs in either of the mutants (Suppl. Figure S2 ). 206 207 LRX1, LRX4, and LRX5 are high-affinity binding sites for RALF1 208 LRX4 has been shown to bind rapid alkalinization factor 1 (RALF1) a peptide hormone that 209 also interacts with FER [15, 42] . Here, we tested binding of RALF1 by LRX1. Transient 210 expression of LRX1 ΔE -HA and RALF1-FLAG in N. benthamiana followed by Co-IP and 211 western blotting showed interaction of the two proteins ( Figure 5A ). This was confirmed by 212 Y2H, where under selective conditions, yeast cells grew effectively in the presence of the two 213 proteins (Suppl. Figure S3 ). 214
The kinetics of the interaction of LRX proteins with RALF1 were tested with Biolayer 215
Interferometry (BLITZ). The LRX ΔE -FLAG proteins of LRX1, LRX3, LRX4, and LRX5 used for 216 this experiment were expressed transiently in tobacco. Expression of all proteins to 217 comparable levels was confirmed by western blotting prior to BLITZ analysis. For RALF1, in 218 vitro synthesized peptide was used. This analysis revealed a dissociation constant Kd of 219 around 5 nM for the interaction of LRX1, LRX4, and LRX5 with RALF1 (Suppl. Figure S4 ). 220 LRX3, by contrast, did not show interaction with RALF1 ( Figure 5B and 5C, LRX4 ΔNTΔE -HA but not 228 LRX4 ΔLRRΔE -HA showed co-purification with RALF1-FLAG, indicating that the LRR domain 229 is necessary and sufficient for LRX-RALF1 interaction. Figure S5A ). 241
For assessment of the complementation of the lrx345 phenotype, alterations in plant growth 242 and physiology were used as parameters. lrx345 mutants grow smaller than the wild type both 243 at seedling stage and at later stages when grown in soil [37] . This phenotype is alleviated in 244 the transgenic lines ( Figure 6A , Suppl. Figure S6A ). The increased anthocyanin accumulation 245 in lrx345 mutant seedlings compared to the wild type is significantly reduced in transgenic lines 246 ( Figure 6B ). The recently reported salt-hypersensitivity of the lrx345 triple mutant resulting in 247 reduced root growth and strong reduction in shoot growth in the presence of 100 mM NaCl [38] 248 was also alleviated in the transgenic lines ( Figure 6C and D). Hence, ectopically expressed 249 LRX1 can largely rescue the lrx345 mutant phenotypes. 250
In a complementary experiment, rescue of the intermediate root hair phenotype of the lrx1 251 mutant, and the strong root hair phenotype of the lrx1 lrx2 mutant [36] with LRX3, LRX4, and 252 LRX5 was tested. Due to the repetitive nature of the extensin coding sequences of LRX3, 253 LRX4, and LRX5, these could not be stably maintained in E.coli. Therefore, and as previously 254 described [37], the extensin-coding domains of LRX3,4,5 genes were replaced by the one of 255 LRX1. The resulting chimeric genes are referred to as L3E1, L4E1, and L5E1 (L and E referring 256 to the N-terminal moiety from the start codon to the CRD and the extensin coding sequence, 257 respectively). The constructs encoding the chimeric proteins were placed under the control of 258 the 35S promoter and were transformed into the lrx1 and lrx1 lrx2 mutants. For each of the 259 11 three constructs, several independent T2 lines were identified, all of which showed expression 260 of the transgene (Suppl. Figure S5B ). The root hair growth defect of the lrx1 mutant (Suppl. 261 Figure S6B ) as well as the stronger lrx1 lrx2 double mutant phenotype ( Figure 6E Earlier experiments with the root hair-expressed LRX1 and LRX2 suggested synergistic 331 interaction and functional equivalence of these two LRXs [36] . The rescue experiments for lrx1, 332 lrx1 lrx2, and lrx345 mutants suggest that LRXs of vegetative tissues are functionally similar, 333 as all combinations of mutants with these genes resulted in rescue of the mutant phenotypes. 334
In contrast, the pollen-expressed LRX8 and LRX11 appear to have too strongly diverged to 335 fulfill the same 'vegetative' functions as they barely rescue the lrx1 lrx2 double mutant. This 336 divergence is in part supported by phylogenetic analyses that revealed evolutionary separation 337 Table S1 . 408
409

DNA constructs 410
For the LRX4 ΔE construct, the coding sequence of the N-terminal half of LRX4 was amplified 411 using the primers LRX4oE_XhoI_F and LRX4_PstI_R ( Supplementary Table S2 ). This product 412 was digested with XhoI and PstI and ligated with a fragment encoding a double FLAG tag with 413 a PstI and a XbaI site at the 5' and 3' end, respectively, into the plasmid pART7 [59] digested 414 with XhoI and XbaI, resulting in the 35S:LRX4 ΔE -2FLAG construct. All final constructs were 415 control sequenced. 416
For LRX4 ΔLRRΔE , the sequence from the start codon to the end of the NT-domain was 417 amplified with LRX4oE_XhoI_F and LRX4 ΔLRR _PstI_R, the resulting fragment digested with 418
XhoI and PstI and cloned into the plasmid 35S:LRX4 ΔE -2FLAG cut with the same enzymes. 419
For LRX4 ΔNTΔE , the sequence encoding the signal peptide was amplified with primers 420
LRX4_XhoI_F and LRX4_ΔNT_R and the LRR domain with the primers LRX4_ΔNT_F and 421 LRX4_PstI_R, the fragments were digested with XhoI/BamHI and BamHI/PstI, respectively 422 and cloned by triple ligation into 35S:LRX4 ΔE -2FLAG cut with XhoI and PstI. 423
For LRX1 ΔE -FLAG, the LRX1 fragment was amplified using the primers LRX1_XhoI_F and 424 LRX1_PstI_R, digested with XhoI/PstI and cloned into the vector pART7_LRX4 ΔE -FLAG 425 digested with the same enzymes to release the LRX4 ΔE sequence. For the 35S:L1E1 426 construct, the plasmid 35S:LRX1 ΔE -2FLAG was opened with PstI and XbaI and a PstI-SpeI 427 fragment containing the extensin-coding sequence [36] was inserted. 428
The LRX1:LRX1 ΔE construct containing the cmyc tag in front of the LRR domain is described 429 elsewhere [33] . For the LRX1:LRX1 ΔLRRΔE construct, the promoter and coding sequence up 430 to the end of the cmyc-tag was amplified with the primers LRX1_Prom1000_F and 431
LRX1_ΔLRR_SpeI_R, and the resulting fragment was digested with MluI (in the LRX1 432 promoter) and SpeI (at the end of the myc tag sequence) and cloned into the LRX1:LRX1 433 construct cut with the same enzymes (SpeI overlapping with the stop codon of the LRX1 coding 434 sequence). For LRX1:LRX1 ΔNTΔE , the promoter and signal peptide coding sequence was 435 amplified with the primers LRX1_Prom1000_F and LRX1_ΔNT_SaII_R and the resulting 436 fragment was digested with MluI (in the promoter) and SalI (at the end of the signal peptide 437 sequence) and cloned into LRX1:LRX1 ΔE cut with the same enzymes (the SalI site in the 438 LRX1:LRX1 ΔE construct is at the beginning of the cmyc coding sequence). For 439 LRX1:LRX1 ΔNT the MluI-SalI fragment of LRX1:LRX1 ΔNTΔE was ligated into LRX1:LRX1 cut 440 with the same enzymes. 441
For the 35S:L3/4/5/8/10/11-E1 constructs, the coding sequences from the ATG to the CRD-442 coding sequence were amplified with primers (Suppl . Table S2 ) introducing a KpnI or an XhoI 443 and a PstI site at the 5' and 3' end of the PCR product, respectively, and the fragments were 444 ligated into 35S:L1E1 cut with the same enzymes to release the L1 coding sequence. 445
All the pART7-based expression cassettes were cut out with NotI and cloned into the binary 446 The BD-LRX4 and AD-FER ECD constructs for the Yeast-two-hybrid experiment were cloned 453 as previously described [35] , where NtermFER equals AD-FER ECD and LRR4 equals BD-454 LRX4. For the BD-LRX1/2/3/5 constructs, the coding sequence of the LRR domain coding 455 sequence of the LRXs was amplified using primers (Suppl . Table S2) For the quantification of gravitropism, seedlings were grown in a vertical orientation on 465 standard MS medium for 8 days, and the ratio of root progression in the vertical axes over total 466 root length was used as the parameter, as described [47] . For measurements, the plates were 467 scanned and analyzed by ImageJ. To ascertain consistent results, seedlings of different 468 generations were used and at least 10 seedlings were measured for one data point. 469
The accumulation of anthocyanin was quantified on 12 days-old seedlings grown in a vertical 470 orientation on standard medium by published methods [60, 61] . Twenty seedlings were pooled 471 and incubated in 45% Methanol, 5% acetic acid. After centrifugation for 5 min at RT and 13'000 472 rpm, the supernatant was used to measure absorption at 530 nm for anthocyanin and at 657 473 nm for chlorophyll content correction; final value =Abs 530nm -(0.25xAbs 657nm ). One data point 474 in the graph is the average of quadruplicates. 475
For root length measurements, seedlings were grown for 7 days on standard medium in a 476 vertical orientation, plates were scanned, and ImageJ was used to measure root length. The 477 average of at least 15 seedlings was used for one data point. 478
Root hair phenotypes were assessed in 5 days-old seedlings grown in a vertical orientation on 479 standard medium. Pictures of root hair were taken with a MZ125 Binocular (Leica), using a 480 DFC420 digital camera (Leica). 481 482
Co-immunoprecipitation 483
Co-IP experiments were performed exactly as previously described [35] . For pulldown and co-484 IP analysis of the different constructs indicated in the experiments were infiltrated into 485
Nicotiana benthamiana leaves, and after 48 hrs, the leaves were excised and grinded in liquid 486 nitrogen. The tissue powder was re-suspended in extraction buffer [200 mM Tris-HCl (pH 7.5), 487 150 mM NaCl, 1 mM DTT, 1 mM PMSF, protease inhibitor and 0.5% Triton X-100]. The 488 suspension was incubated on ice for 20 minutes and then centrifuged at 13,000 rpm for 30 489 minutes at 4°C. The supernatant obtained was then incubated with GFP-trap agarose beads, 490 anti-HA, or anti-FLAG magnetic beads overnight at 4°C on a rotating shaker. After incubation, 491 the beads were washed three times with the wash buffer (extraction buffer containing 0.05% 492 Triton X-100) and boiled in SDS-PAGE loading buffer for 15 minutes at 75°C. The 493 immunoprecipitates were then run on a 10% SDS-PAGE and transferred to nitrocellulose 494 membrane to perform Western blotting. 495
496
BLITZ analysis 497
The BLITZ experiments were performed as previously described [41] . 498
The LRR ΔE -FLAG versions of the different LRXs were expressed under the 35S promoter in 499 N. benthamiana, presence of proteins was checked by western blotting, and proteins were 500 immune-precipitated as described above. After immunoprecipitation, elution was performed 501 with 30 μl of 1M Glycine (pH 2.0) buffer for 2 min in a Thermomixer (Eppendorf) at 1200 rpm, 502 then beads were spun down for 2 min at 1300xg at RT, and the supernatant was neutralized 503 with 30 μl of 1M Tris-HCl (pH 9.5). Protein concentration was determined by Qubit 504 measurement (Quant-iTTM Protein Assay kit, Invitrogen). Samples were diluted 1:1 with 505 sample diluent buffer (Pall FortéBio cat18-1091) to a concentration of 0.142 mg/ml for analysis 506 20 using the BLITzⓇ system. The same buffer was used to dilute the anti-FLAG M2 antibody 507 (Sigma-Aldrich) 1:50 to a final concentration of 4 μg/ml. A 1:1 mix of sample:antibody was then 508 incubated for 30 minutes at RT, and loaded onto the protein A biosensor (Pall FortéBio cat 18-509 5010). The experiment was divided into 5 different steps: Initial baseline duration (30 s), To test the accumulation of LRX1 ΔE , LRX1 ΔLRRΔE , and LRX1 ΔLNTΔE proteins, root material 517 of 300 seedlings grown for 10 days in a vertical orientation was collected and ground in liquid 518 N2. Around 50 mg of fresh material was extracted with 200 μl 0.1% SDS by vortexing, 519 immediately followed by heating to 95 o C for 5 min. After cooling, material was centrifuged at 520 13'000 rpm for 10 min and 20 μl of the supernatant was used for SDS-PAGE and blotting to 521 nitrocellulose membranes using semi-dry blotting. After over-night blocking of the membranes 522 in 1xTBS, 0.1% Tween-20, 5% low-fat milk powder, the membranes were incubated in 1xTBS, 523 0.1% Tween-20, 0.5% low-fat milk powder containing primary antibodies as indicated in the 524 figures, followed by a peroxidase-coupled secondary antibody, diluted 1:1000 each. After each 525 antibody incubation, the membranes were washed three times with the antibody-incubation 526 solution. The signal of the secondary antibody was detected using the ECL technology. 527
528
RT-PCR 529
Semi-quantitative RT-PCR was performed on RNA isolated of 10 days-old seedlings using the 530 total RNA isolation system (Promega). Reverse transcription was performed on 300 ng of total 531 RNA using the iScript advanced kit (BioRad). PCR was performed using gene-specific primers 532 21 as listed in the supplementary data Table S3 . In the LRX1 construct, a cmyc tag was introduced between the NT-and the LRR-domain, 764 which does not interfere with protein function and allows for immuno-detection of LRX1. 765 766
